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Zero-dimensional (0D) systems like semiconductor nanocrystals^[@ref1],[@ref2]^ and fluorescent dye molecules^[@ref3]^ exhibit random jumps between emitting and nonemitting states. As a result, the fluorescence of such quantum emitters fluctuates over time with a telegraphic or flickering signal.^[@ref4]^ Such noise in fluorescence is often undesired, as applications include single-photon sources and biological imaging. Extensive efforts in 0D systems have aimed at understanding,^[@ref5],[@ref6]^ manipulating,^[@ref4]^ and suppressing fluctuations.^[@ref7]^ Noise contains, however, valuable information about material properties and the interaction with the environment.^[@ref8]^ Analyzing noise in fluorescence thus offers an approach for probing local effects such as intrinsic defects, adsorbed molecules, trap states localized near the emitter, the quality of heterostructure interfaces, or changes in the environment. Toward higher dimensionality, although larger semiconductors are expected to be less sensitive to their surroundings, blinking has been reported in perovskites^[@ref9]^ and quantum wires.^[@ref10]^

In two-dimensional (2D) semiconductors, excitons are confined in the vertical direction, while extending and diffusing along the atomically thin plane.^[@ref11]^ Monolayer transition metal dichalcogenides such as MoS~2~ and WS~2~ are direct band gap semiconductors.^[@ref12]^ As there are no surface dangling bonds, these monolayer semiconductors are generally considered stable light emitters.^[@ref13]^ Their integration in devices requires, however, depositing them on metals, insulators, or other semiconductors, where the effects of heterojunctions, strain, or interface imperfections can play a critical role.^[@ref14]^ Indeed, the interactions between two monolayers^[@ref15]−[@ref17]^ or between a monolayer and a substrate^[@ref18]^ are starting to be exploited to tailor excitons at the nanoscale with unprecedented control. For example, substrates can be used to create localized quantum emitters hosted by the 2D material^[@ref19]−[@ref22]^ or its defects.^[@ref23]^ Such 0D-in-2D emitters suffer from fluorescence intermittency.^[@ref19],[@ref23]^ In stacked bilayer heterostructures, the interlayer charge transfer can result in random oscillations between the emission spectra of two monolayer semiconductors.^[@ref24]^ More generally, excitons in a single semiconductor monolayer could be subject to fluctuations reporting on its quality or interfacial disorder, among others.

Here, we demonstrate correlated fluorescence fluctuations over a semiconductor monolayer influenced by its environment. We report strong emission blinking and flickering by placing an atomically thin semiconductor on a metal film, with fluctuations reaching an intensity ratio of 5 between bright and dark events. The fluctuations are temporally synchronized and spatially extended over tens of micrometers. In analogy to blinking in quantum dots, the fluorescence follows power-law statistics and has a frequency spectrum with 1/*f* noise. We observe a correlation between changes in emission intensity and lifetime, consistent with the existence of trap states at the semiconductor--metal interface. At low temperatures, emission arises from trap states, with fluctuations that are correlated with neutral excitons and anticorrelated with charged excitons (trions). We propose that carrier density fluctuations cause the variations in fluorescence due to a spatial distribution of trap states. Beyond this specific example, our results establish fluorescence fluctuation methods as a framework to characterize the optical and electronic properties of monolayer semiconductors in environments and scales relevant to devices.

Fluorescence Fluctuations: Imaging and Statistics {#sec2}
=================================================

First, we prepare a monolayer of WS~2~ with a size of around 50 × 100 μm on a polydimethylsiloxane (PDMS) film and deposit the stack on a gold film with a root-mean-square (RMS) roughness of 4 nm ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}a,b). We record fluorescence microscopy videos under wide-field illumination with a blue lamp using a camera. The resulting fluorescence is also visible by the eye. Compared to the emission of a monolayer on an insulating substrate (SiO~2~ on Si), the fluorescence intensity displays clearer fluctuations as a function of time for WS~2~ on Au ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}c and normalized time traces in [Supporting Figure 1](#notes1){ref-type="notes"}). We note that fluctuations above noise level are also present for the insulating substrate, although with lower visibility than for the metal film. The emission spectrum remains qualitatively similar during fluctuations ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}d), which occur at room temperature over large areas.

![Fluorescence fluctuations of a monolayer semiconductor on a metal film. (a) Illustration of a WS~2~ monolayer on an Au surface. Roughness results in a spatially varying density of trap states along with the interface. An inhomogeneous band bending facilitates trapping of holes near the contact points. (b) Reflection micrograph highlighting a monolayer region. A few multilayer regions are visible within the monolayer area. (c) Fluorescence time trace showing flickering and blinking for a point of the monolayer on Au (red) compared to a monolayer on a thermally oxidized Si substrate (blue). Time bins are 20 ms. (d) Emission spectrum over time, demonstrating that neutral excitons dominate the emission during fluctuations at room temperature. (e) Fluorescence video snapshots exhibiting fluctuations within monolayer domains. See [Video S1](http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.0c00756/suppl_file/nl0c00756_si_002.mp4).](nl0c00756_0001){#fig1}

To investigate the spatial extent of the fluctuations, we refer to each continuous part of a monolayer in fluorescence images as a domain ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}e and [Video S1](http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.0c00756/suppl_file/nl0c00756_si_002.mp4)). Most domains appear after transfer from PDMS to Au due to the formation of cracks in the monolayer, but the monolayer properties stay homogeneous ([Supporting Figures 2 and 3](http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.0c00756/suppl_file/nl0c00756_si_001.pdf)). Within the same monolayer, some domains fluctuate substantially more than others, as quantified statistically through the values of the mean intensity, the standard deviation, and their ratio as a measure of fluctuation amplitude ([Supporting Figure 4](http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.0c00756/suppl_file/nl0c00756_si_001.pdf)). For reference, the same monolayer displays no substantial fluctuations while lying on a polymer stamp before transfer to Au ([Video S2](http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.0c00756/suppl_file/nl0c00756_si_003.mp4)). Similarly, the emission of a monolayer lying on both metal and dielectric fluctuates clearly on the metal area ([Video S3](http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.0c00756/suppl_file/nl0c00756_si_004.mp4)).

To analyze the synchronous fluctuations within monolayer domains, we select four points and compare their time traces ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a,b). The time traces are similar for pairs of points within the same domain (AB and CD). In contrast, the traces differ for points in different domains like BC, despite being closer in space than the AB points. To quantify the spatial extension of the fluctuations, we calculate the spatiotemporal correlation function between two points aswhere *I*~r~1~~(*t*) is the intensity time trace at point *r*~1~, Δ*I*~r~1~~(*t*) = *I*~r~1~~(*t*) -- ⟨*I*~r~1~~(*t*)⟩ is the deviation from the mean value calculated over the whole measurement interval, and τ is a delay between both time traces. The correlations are high and long-lasting for pairs of points within the same domain, while they are lower for points in different domains ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}c). The decay of correlation with delay is well described by a double exponential function,^[@ref24]^*g*^(2)^(τ) = *c*~1~e^--τ/*T*~1~^ + *c*~2~ e^--τ/*T*~2~^ + *c*~3~ (solid lines in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}c, see [Supporting Table 1](http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.0c00756/suppl_file/nl0c00756_si_001.pdf) for fitting parameters), suggesting that two processes such as trapping and detrapping account for the fluctuations.

![The fluctuations are spatially correlated within monolayer domains. (a) Fluorescence image indicating selected points for spatial and temporal correlations. (b) The time traces acquired simultaneously at those points show correlated fluctuations for positions inside the same domain (AB and CD). (c) Spatiotemporal correlation function for the same time traces. Points within the same domain (AB and CD) possess high and long-lasting correlations, whereas points in different domains (BC) have almost no correlation. The arrows on the vertical axis indicate the values at zero delay. (d) Spatial correlation function calculated at zero delay for every pixel in the image with respect to the three pixels marked by black crosses. Spatial correlations are homogeneous within the same domain as the cross point, and higher for the most fluctuating domains (1 and 3). Lower correlations with neighboring domains are also present.](nl0c00756_0002){#fig2}

Apart from strong intradomain correlations, there are also weaker interdomain spatial correlations. We calculate the correlation function between a pixel inside a given domain (crosses in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}d) and every pixel on the image. The fluctuations show strong spatial correlations within each domain with g^(2)^(0) ∼ 1. As a general trend, domains with stronger fluctuations have higher spatial correlations (e.g., Domains 1 and 3. See also [Supporting Figure 4](http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.0c00756/suppl_file/nl0c00756_si_001.pdf)). Although most domains are uncorrelated with their neighbors (g^(2)^ \< 0.1), in a few cases, neighboring domains maintain some degree of spatial correlation (g^(2)^ \> 0.5). We attribute the distribution of interdomain spatial correlations to partial electrical connections between domains due to cracks resulting in charge redistribution. On the other hand, spatial correlations are absent in nonfluctuating monolayers on insulating substrates ([Supporting Figure 5](http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.0c00756/suppl_file/nl0c00756_si_001.pdf)).

We can draw similarities between our 2D semiconductor and 0D systems. In quantum dots, the distribution of time spent on bright and dark states often follows an inverse power law over several orders of magnitude in on- and off-times. We make a similar analysis for our 2D semiconductor. We define three intensity levels (bright, dark, and neutral) from a typical time trace by setting the threshold values for the bright (dark) events as the average plus (minus) the standard deviation, with neutral states in between ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a). For a pixel at the center of Domain 2, the number of bright and dark events follows an inverse power law with respect to their duration, *P*(*t*) = *At*^--*β*^, where *P* is the probability density, *t* is the dwell time, and *A* and *β* are retrieved by the fitting. The neutral events are best described instead by an inverse power law with an exponential cutoff, *P*(*t*) = *At*^*--β*^*e*^--*t*/*t*~c~^, with *t*~c~ as a fitting parameter. We perform the same analysis at every pixel to represent the power-law exponent *β* in images ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}b,c and [Supporting Section I](http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.0c00756/suppl_file/nl0c00756_si_001.pdf)). The fluctuation statistics are homogeneous within each domain but differ between domains, as expected from the spatial correlation maps ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}d).

![Statistical analysis of the fluctuations. (a) The duration of bright and dark events follows a power-law distribution, while neutral events of intermediate brightness follow a truncated power law. Inset: part of a time trace from a pixel in Domain 2 with thresholds defining bright, dark, and neutral events. (b, c) Power-law exponent *β* for bright and dark events retrieved by fitting the fluorescence image time trace to a power law for each pixel. (d) Power spectral density (for the same point as in panel a) revealing pink noise in the time trace. (e, f) Noise exponent *α* and noise power *A*~t~ obtained from fitting power spectral density at each pixel.](nl0c00756_0003){#fig3}

The inverse power-law behavior suggests a relation between the fluctuation mechanisms in our system and quantum dots. Such dependence is characteristic of an exponential distribution of tunneling distances or depths to trap states near the emitter.^[@ref25]^ In our experiments, the spatially correlated fluorescence fluctuations are clearly noticeable for Au films with surface RMS roughness ≥2 nm only ([Supporting Figure 8](http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.0c00756/suppl_file/nl0c00756_si_001.pdf) and [Supporting Table 4](http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.0c00756/suppl_file/nl0c00756_si_001.pdf)). The WS~2~/Au surface inherits roughness from the underlying metal ([Supporting Section II](http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.0c00756/suppl_file/nl0c00756_si_001.pdf), [Supporting Figure 9](http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.0c00756/suppl_file/nl0c00756_si_001.pdf), and [Supporting Table 5](http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.0c00756/suppl_file/nl0c00756_si_001.pdf)). Considering the work functions of WS~2~ (5.01 eV)^[@ref26]^ and Au (5.3--5.6 eV)^[@ref26],[@ref27]^ and previous reports on their contacts,^[@ref28]^ we expect upward band bending between *n*-type WS~2~ and Au. Roughness causes variations in the distance, creating a distribution of trap states along the interface mediated by local band bending ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}a), resulting in a distribution of tunneling energy and probability. Local changes in roughness and density of trap states under each domain can then be the reason for the observed differences in the power-law exponent *β* in different domains. Furthermore, previous reports of monolayer WS~2~/Au junctions pointed out a large number of interface trap states,^[@ref29],[@ref30]^ which could play a similar role to surface traps in quantum dots proposed as a mechanism for blinking.^[@ref31]^ Unlike in quantum dots, fluorescence fluctuations in our system occur in two dimensions.

To shed further light on the origin of the fluctuations, we examine them in the frequency domain using the power spectral density (PSD). For colloidal quantum dots, the PSD takes the form of pink noise.^[@ref32],[@ref33]^ In semiconductor devices, pink noise generally indicates low-frequency fluctuations in carrier density.^[@ref34]^ From a time trace, we calculate the PSD as a function of frequency as PSD(*f*) = \|FFT(Δ*I*(*t*))\|^2^, where FFT is the fast Fourier transform. The spectrum can be described as pink noise, as it fits the expression PSD(*f*) = *A*~t~*/f*^α^ with 0.8 \< *α* \< 1.2, where *A*~t~ is the noise power ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}d). From the analysis of the PSD ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}e,f), we note that both *α* and *A*~t~ are generally higher for domains that fluctuate more (Domains 1 and 3). On dielectric substrates, 1/*f* noise is also present (see a comparison of different Au samples, dielectrics, and a dye film in [Supporting Figure 10](http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.0c00756/suppl_file/nl0c00756_si_001.pdf)). In the context of 2D materials, 1/*f* noise can arise from charge traps at the 2D-material--substrate interface. Electrical 1/*f* noise has been reported in graphene^[@ref35]^ and MoS~2~ transistors,^[@ref36]^ but not in optical measurements of any 2D material to the best of our knowledge.

Fluctuations of Lifetime and Low-Temperature Spectra {#sec3}
====================================================

In quantum dots, surface-trap-induced or Auger recombinations result in fast nonradiative decay and, hence, a shorter lifetime during dark events.^[@ref37]^ Following this analogy, we study the emission lifetime during bright and dark events. We use time-tagged time-resolved measurements to obtain simultaneous time traces of intensity and lifetime. We estimate the average lifetime for each time bin by fitting the fluorescence decay to a biexponential function (see [Methods](#sec5){ref-type="other"}). The measured effective lifetime contains a significant contribution of the slower transition from spin-forbidden exciton states to spin-allowed states.^[@ref38]−[@ref40]^ The measurements reveal that the average lifetime increases when the fluorescence intensity increases ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}a,b). We focus our analysis on a smaller monolayer on Au with strong fluctuations reaching an intensity ratio of 5 between bright and dark events ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}b and [Video S5](http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.0c00756/suppl_file/nl0c00756_si_006.mp4)). The fluorescence lifetime-intensity distribution^[@ref4]^ provides a statistical overview of the lifetime variations ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}c). The observed linear correlation between intensity and lifetime is a signature of surface-trap-induced nonradiative recombination, as reported for colloidal quantum dots^[@ref37]^ and in agreement with the existence of trap states at the WS~2~/Au interface.

![The emission lifetime fluctuates together with the intensity, suggesting surface-trap-induced recombination as the fluctuation mechanism. (a) Fluorescence decay lifetime during dark and bright events retrieved from time-tagged time-resolved traces. (b) Intensity and lifetime traces show a correlation between changes in brightness and the average lifetime. (c) Fluorescence lifetime-intensity distribution histogrammed over 2000 s. The diagonal distribution suggests that the opening and closing of nonradiative channels is responsible for the fluctuations. Data acquired on the WS~2~ monolayer on Au shown in [Video S5](http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.0c00756/suppl_file/nl0c00756_si_006.mp4) with strong fluorescence fluctuations. (d) Illustration of the dependence of the quantum yield on carrier density. Trapping and detrapping of holes at the WS~2~/Au interface cause carrier density fluctuations (black arrow), resulting in fluorescence fluctuations. Inset: Fermi level at the limiting regimes of carrier density. Red (white) circles indicate filled (empty) hole states in the semiconductor.](nl0c00756_0004){#fig4}

The intensity-lifetime correlation during fluorescence fluctuations corresponds well with recent experiments on electrostatic gating of monolayer WS~2~,^[@ref41],[@ref42]^ where an increase of carrier density and Fermi level result in a reduction of both intensity and lifetime. On the basis of these observations, we propose a mechanism for how hole trapping and release events cause fluctuations in carrier density (*n*~d~), resulting in fluctuations of intensity and lifetime ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}d). Our monolayers are slightly *n*-doped (*n*~d~ ≈ 10^12^ cm^--2^)^[@ref29],[@ref43]^ and have a typical quantum yield of 10--20%^[@ref40]^ before transfer to Au. These values set the neutral point for fluctuations due to the dependence of quantum yield on carrier density.^[@ref41],[@ref42]^ As they occur at the onset of the slope in quantum yield ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}d, black arrow), carrier density fluctuations produce a pronounced change in fluorescence. For comparison, we also placed monolayers of MoS~2~ and WSe~2~ on the same Au film. Fluorescence fluctuations are not visible in these cases, in agreement with the carrier densities of MoS~2~ and WSe~2~ (highly *n*-doped and neutral, respectively), for which the quantum yield dependence on carrier density is mostly flat ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}d).^[@ref42]^

Next, we demonstrate the existence of trap states at the WS~2~/Au interface and the dynamic interaction between neutral excitons, trions, and trap states. We conduct spectroscopy at low temperatures on another WS~2~ monolayer on Au and compare it to a reference one on quartz ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}a). The two fluorescence peaks with the highest energy correspond to neutral excitons (X^0^) and trions (X^--^), in agreement with literature^[@ref38],[@ref43],[@ref44]^ and the temperature evolution of the spectrum ([Supporting Figure 11](http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.0c00756/suppl_file/nl0c00756_si_001.pdf)). For WS~2~ on Au, a broad spectral contribution emerges at low temperatures centered around 640 nm (D~Au~ in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}a), which is not present for WS~2~ on quartz. We assign it to interface trap states.

![Spectral correlations at low temperature for neutral exciton, trion, and interface trap states. (a) Low-temperature fluorescence spectra with neutral exciton and trion peaks (X^0^ and X^--^). A broad set of peaks appears for WS~2~ on Au (D~Au~), whereas it is absent for WS~2~ on quartz (gray line). (b) Spectral time traces on Au and quartz plotted as the deviation from the mean value at each wavelength, showing that D~Au~ trap states dominate the fluctuations. Trace based on [Video S6](http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.0c00756/suppl_file/nl0c00756_si_007.mp4). (c) Spectral correlation function for the time traces in panel b calculated over 250 s, demonstrating that the fluorescence fluctuations of excitons and trions are anticorrelated on Au. The neutral excitons and trions have mostly positive and negative correlations with D~Au~, respectively. Both diagonal lines are equal to 1.](nl0c00756_0005){#fig5}

The emission from neutral excitons, trions, and trap states fluctuates at low temperatures, but with different amplitudes and not independently. To visualize the relative intensity changes of X^0^, X^--^, and D~Au~, we calculate the spectral time trace as the intensity at each wavelength minus its mean value ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}b). Remarkably, most of the fluctuations now occur in D~Au~, undergoing internal spectral changes over time (see *t* = 0--7.5 s in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}b and [Video S6](http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.0c00756/suppl_file/nl0c00756_si_007.mp4)). During significant blinking events, all peaks are involved (e.g., *t* = 7.5--10.0 s in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}b), with X^0^ increasing together with parts of D~Au~, and X^--^ decreasing below its mean value. To evaluate such relations between peaks, we calculate the spectral correlation between two wavelengths *λ*~1~ and *λ*~2~ as a function of time delay:There is an anticorrelation between X^0^ and X^--^ for a monolayer on Au, while X^0^ and X^--^ lack correlation on quartz ([Figures [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}c). The anticorrelation between X^0^ and X^--^ on Au is in agreement with changes in carrier density during fluorescence fluctuations because the intensity ratio between X^0^ and X^--^ is inversely proportional to the carrier density via the law of mass action.^[@ref45]^ We also observe that X^0^ and X^--^ correlate and anticorrelate with most of the D~Au~ spectral region, respectively, indicating that the population of trap states controls the carrier density. When the interface traps capture holes, the carrier density increases resulting in a simultaneous increase of the trion and a decrease of the neutral exciton emission ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}d). At room temperature, where trap states are nonradiative, it leads to suppressed excitonic fluorescence.

As confirmation of carrier density fluctuations also at room temperature, we analyze the relative contributions of excitons and trions to the total fluorescence^[@ref24]^ in spectral time traces using Gaussian fitting ([Supporting Section III](http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.0c00756/suppl_file/nl0c00756_si_001.pdf) and [Supporting Figures 12 and 13](http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.0c00756/suppl_file/nl0c00756_si_001.pdf)). Following the law of mass action, we observe an anticorrelation between the total fluorescence and the ratio of the integrated emission of trions and excitons,^[@ref45],[@ref46]^ confirming that carrier density fluctuations occur during changes in fluorescence. We propose that the spatially correlated fluctuations are due to fast Fermi level equilibration inside each domain. Localized trapping and detrapping events affect the local Fermi level, followed by a quick redistribution of the excess carriers to equilibrate it inside the domain at a much faster rate than the fluorescence fluctuations.

 {#sec4}

In conclusion, we have reported synchronous fluorescence fluctuations in an atomically thin semiconductor due to the interaction with its environment. We have analyzed a case with strong fluctuations: monolayer WS~2~ on Au. The fluctuations are spatially extended over micrometer-scale domains and occur at room temperature without major spectral changes. They are thus qualitatively different compared to localized quantum emitters in 2D semiconductors,^[@ref20],[@ref21]^ which exhibit intermittency with spectral wandering at cryogenic temperatures. The analysis of the fluctuations reveals power-law statistics and pink noise. Together with a correlation between intensity and lifetime, the experimental evidence suggests similarities with blinking in conventional quantum dots. We have drawn several analogies with quantum dots as a starting point for our study. However, in contrast to quantum dots, we measure ensembles of excitons in an extended system. Due to limited spatial and temporal resolutions, fluctuations and additional underlying mechanisms might become evident at smaller and faster scales.

At low temperatures, we observe anticorrelated intensity fluctuations between excitons and trions and the appearance of a broad spectral contribution. On the basis of these observations, we propose a mechanism based on carrier density fluctuations caused by trap states at the semiconductor--metal interface. The fluorescence fluctuations are thus a direct manifestation of charge transfer events. As the Fermi level must be in equilibrium within a monolayer domain, charge transfer at a localized position affects the Fermi level over the entire domain. We anticipate several aspects that may play a role in the magnitude and frequency of the fluctuations: substrate disorder including roughness, domain area, electrical connections between domains, and optical excitation area. These parameters are thus open for future investigations to engineer and exploit exciton fluctuations.

Understanding the mechanisms behind exciton fluctuations is necessary for stable light-emitting devices based on 2D semiconductors, with implications for single-photon sources, lasers, or modulators. Moreover, the observation of fluctuations opens the perspective of exciton-based sensing and imaging using the temporal and spatial changes of their fluorescence to detect the presence of charges or nonfluorescent molecules. Last, we envisage that fluorescence fluctuation methods could lead to a refined understanding and characterization of 2D materials, regarding quality and disorder. In our study, we focused on an example where fluctuations are highly visible. When applied to other van der Waals heterostructures and interfaces with bulk materials, fluctuation analysis tools, including imaging, could retrieve quantitative information buried within apparent noise.

Methods {#sec5}
=======

Sample Preparation {#sec5.1}
------------------

We exfoliated WS~2~ (bulk crystal from HQ Graphene) using tape (Nitto SPV224PR) onto PDMS (Gel-Pak PF-80-X4) thin-film stamps. We identified the monolayers using fluorescence microscopy and deposited them onto Au films using a soft transfer method that preserves their optical properties.^[@ref40]^ Using electron-beam evaporation, we deposited Au films (50--100 nm) on a Ti adhesion layer (1--3 nm) on oxidized silicon substrates (100 nm SiO~2~ on Si). The PDMS stamp remained on top of the sample to prevent monolayer damage upon its removal. The samples consisted then of PDMS/WS~2~/Au, unless otherwise indicated. For map analysis ([Figures [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}--[3](#fig3){ref-type="fig"}), we used the same WS~2~ monolayer shown in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}b and [Videos S1 and S2](http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.0c00756/suppl_file/nl0c00756_si_002.mp4). For the lifetime time trace analysis ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}), we used a smaller monolayer with larger amplitude fluctuations ([Video S5](http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.0c00756/suppl_file/nl0c00756_si_006.mp4)). For the low-temperature measurements ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}), we used a different monolayer and removed the PDMS to avoid strain during cooling.

Dynamic Fluorescence Imaging {#sec5.2}
----------------------------

Fluorescence wide-field imaging was carried out in an inverted microscope using epi-illumination geometry and an objective with adjustable cover-glass correction (60× Nikon S Plan Fluor, NA = 0.7). For excitation, we used a metal halide lamp (EXFO X-Cite 120) with a bandpass filter at 445 nm. After wide-field excitation with a typical power of 0.22 μW/μm^2^, we detect fluorescence with a 458 nm long-pass filter. For time-resolved wide-field imaging, we used an Andor Neo 5.5 sCMOS camera cooled to −40 °C. For every image time trace and [Videos S1](http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.0c00756/suppl_file/nl0c00756_si_002.mp4) and [S4](http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.0c00756/suppl_file/nl0c00756_si_005.mp4), the time bin per frame is 20 ms. We used a Nikon DS-Fi2 color camera for [Videos S2](http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.0c00756/suppl_file/nl0c00756_si_003.mp4) (15 ms), [S3](http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.0c00756/suppl_file/nl0c00756_si_004.mp4), and [S5](http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.0c00756/suppl_file/nl0c00756_si_006.mp4)(60 ms).

Dynamic Fluorescence Lifetime and Spectroscopy {#sec5.3}
----------------------------------------------

Fluorescence lifetime and spectral time traces were recorded in an upright confocal microscope in epi-illumination geometry through an objective (40× Nikon CFI Plan Fluor ELWD, NA = 0.6) with an adjustable cover-glass correction. A focused laser excites the sample, and detection occurs at the same point through an optical fiber. For time-tagged time-resolved fluorescence measurements, we used a pulsed laser (Fianium SC400 with an acousto-optical filter tuned to 532 nm, 0.13 μW/μm^2^, pulse duration ∼50 ps), an avalanche photodiode (Micro Photon Devices, 50 μm SPAD, dark counts \<25 counts/s), and a PicoHarp 300 time-correlated single-photon counter. For fluorescence spectroscopy, we used a 532 nm continuous-wave laser (14.3 μW/μm^2^). We recorded spectra with an Andor Shamrock 303 spectrometer and an Andor Newton 970 EMCCD camera cooled to −75 °C and a time bin per spectrum of 25 ms. All fluorescence measurements were carried out at room temperature, except [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"} at 35 K using a microscopy cryostat (Oxford Instruments MicrostatHires).

Time-Tagged Time-Resolved Analysis {#sec5.4}
----------------------------------

To analyze the time-tagged time-resolved measurements, we used the SymPhoTime 64 software (Picoquant). First, the time-tagged time-resolved traces were binned to 100 ms. For each time bin, we performed a biexponential reconvolution of each fluorescence decay curve on the form *I*(*t*) = *A*~0~*e*^--*t*/τ~0~^ + *A*~1~*e*^--*t*/τ~1~^ with the instrument response function (IRF) measured as the laser reflection. From the fitting, we determined the average lifetime as *τ*~avg~ = (*A*~0~ τ~0~^2^ + *A*~1~ τ~1~^2^)/(*A*~0~ τ~0~ + *A*~1~ τ~1~) and evaluated the goodness of fit per time trace bin, where *N* is the number of points in the decay curve ([Supporting Figure 14](http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.0c00756/suppl_file/nl0c00756_si_001.pdf)).

The Supporting Information is available free of charge at [https://pubs.acs.org/doi/10.1021/acs.nanolett.0c00756](https://pubs.acs.org/doi/10.1021/acs.nanolett.0c00756?goto=supporting-info).Thresholds for power-law analysis; quantification of topographical parameters; neutral exciton and trion fluctuations at room temperature; fluorescence comparison of WS~2~/Au and WS~2~/SiO~2~/Si; fluorescence spectra from three different domains of the monolayer WS~2~ on Au; fluorescence lifetime and intensity imaging before and after transfer to Au; fluctuation statistics for a fluorescence image time trace; WS~2~ monolayer on an insulating polymer substrate; time trace and noise comparison of WS~2~ on different substrates; influence of different event thresholds on the power-law analysis; quality of fitting for power-law and noise analysis; atomic force microscopy of different Au substrates; topography comparison of WS~2~ on Au and Au surfaces; time trace and noise comparison of WS~2~ on different substrates; fluorescence spectra for WS~2~/Au at different temperatures; neutral exciton and trion contributions to the total fluorescence in a degraded sample; neutral exciton and trion contributions to the total fluorescence in a fresh sample; evaluation of lifetime data; fitting parameters for the spatiotemporal correlations; power-law exponent for bright events when changing the threshold; power-law exponent for dark events when changing the threshold; roughness parameters for different Au substrates; roughness parameters for WS~2~/Au ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.0c00756/suppl_file/nl0c00756_si_001.pdf))Video S1 ([MP4](http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.0c00756/suppl_file/nl0c00756_si_002.mp4))Video S2 ([MP4](http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.0c00756/suppl_file/nl0c00756_si_003.mp4))Video S3 ([MP4](http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.0c00756/suppl_file/nl0c00756_si_004.mp4))Video S4 ([MP4](http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.0c00756/suppl_file/nl0c00756_si_005.mp4))Video S5 ([MP4](http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.0c00756/suppl_file/nl0c00756_si_006.mp4))Video S6 ([MP4](http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.0c00756/suppl_file/nl0c00756_si_007.mp4))
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